Superparamagnetic effects have been studied in oil-nanomagnetite ferrofluid by means of transmission Möss-bauer spectrometry. At room temperature it was necessary to slow down Brownian motions of nanoparticle by annealing which make oil more viscous. This procedure is alternative to the freezing in liquid nitrogen. The spectra were fitted with four Gaussian distributions of hyperfine field. Within the analytical model of spin relaxation based on the Liouville super-operators, the mean nanoparticles diameter as well as its standard deviation have been estimated. The reasonable agreement with transmission electron microscopy outcomes has been achieved, especially in the case of the Mössbauer spectra obtained at liquid nitrogen temperature. The additional Mössbauer spectrometry measurements at room temperature in external magnetic fields allowed to verify, if low hyperfine field Mössbauer subspectra originate indeed from the finest particles.
Introduction
During recent decades ferrofluids focus a lot of attention due to their specific properties and potential applications in technology and medicine [1] [2] [3] [4] . The majority of these unique properties originate from the physical phenomena in small-sized, single-domain magnetic nanoparticles suspended in liquid carrier (polar or nonpolar) and forming a magnetic colloid. These particles are responsible e.g. for very peculiar spin and dielectric relaxation processes, magnetic mesostructuring, as well as change of magnetic and electro-rheological properties under influence of the external electric field [5] [6] [7] [8] [9] [10] .
Main goal of this work was the observation of spin relaxation phenomena in oil-nanomagnetite-based ferrofluid by means of the Mössbauer spectrometry and the interpretation of the obtained results in terms of the simple, analytical model in order to reproduce a size distribution of particles. The motivation of undertaking such a task was the fact that in the majority of the Möss-bauer papers devoted to superparamagnetic effects in nanoparticles nanoferrofluids, usually experimental data are presented without quantitative theoretical analysis. In some cases the numerical analysis models have been applied -however, without detailed description of the algorithm (e.g. [11] ).
Due to Brownian motion of nanoparticles dispersed in oil the Doppler effect smeared out the Mössbauer * corresponding author; e-mail: t.szumiata@uthrad.pl spectrum for the sample of the original ferrofluid. The preliminary Mössbauer spectrometry experiment showed that neither nanoparticles densification by partial separation with magnetic field nor the applying of external magnetic field (of the magnitude up to 0.5 T) during measurements were not able to slow down sufficiently the Brownian motion of nanoparticles. Thus, an annealing of ferrofluid at moderate temperature has been proposed as a way of fixing the nanoparticles for transmission Mössbauer spectrometry at room temperature (RT). These results have been compared with the spectra obtained for the original ferrofluid sample frozen in liquid nitrogen (LN).
The analytical model of spin relaxation based on superoperators formalism has been utilized for the description of superparamagnetic effects seen in the Mössbauer spectra. It has enabled to estimate the parameters of particles diameters distribution. The discrepancies between outcomes obtained from RT and LN spectra have been discussed.
Samples and experimental methods
The magnetic ferrofluid was fabricated with commercial transformer oil MOGUL T M and magnetite nanoparticles of about 3% mass concentration utilizing the technological procedure described in [7] [8] [9] . Examination of the prepared magnetic fluids was done using transmission electron microscopy (TEM), Tesla BS 500 microscope, normally operated at 90 kV with 80,000 magnification by the replication technique. A drop of magnetic fluid sample diluted in water was deposited on the 400 mesh copper grid and air dried before the picture (Fig. 1) was taken. Final results of TEM photo was already reported in [8] . Mean diameter value of almost spherical magnetite nanoparticles was estimated asd TEM = 10 nm. In fact, the total diameter was about 14 nm, but there was a surfactant layer 2 nm thick on the nanoparticles surface. Thus in order to find a diameter of magnetite core it was necessary to subtract 2 × 2 nm from the total mean diameter of nanoparticles. This estimated diameter value was confirmed by magnetic investigation with vibrating sample magnetometer (VSM). In this method (described in [5] ) the magnetization curve of diluted ferrofluid in the external magnetic field is assumed to be reproduced by convolution of the Langevin function and log-normal distribution of nanoparticles diameters. For the Mössbauer spectroscopy investigations the samples of the ferrofluid have undergone a partial separation process of magnetite nanoparticles from oil base using permanent magnet. This procedure was insufficient to obtain the Mössbauer spectra, because nanoparticles had still too much freedom and the spectra were smeared out via the Doppler effect. This fact gave a motivation for inventing a simple and cheap method of slowing down the nanoparticles motion. The one hour annealing at 180
• C was applied, which transformed the oil into semiliquid, viscous substance. At the same time, the magnetite nanoparticles remained unchanged owing to properly chosen, not too high temperature of annealing.
Transmission Mössbauer spectra at RT were collected by the system arranged in vertical geometry and consisting of 57 Co/Rh source of gamma radiation, vibrator operating in constant acceleration mode and ionization counter as a detector of γ-rays. Moreover, the Mössbauer measurements at liquid nitrogen temperature were performed by immersing the sample in a simple nitric cryostat. Additionally, the samples were also measured in an external magnetic field: (i) perpendicular to the gamma beam, with B ex = 480.9 mT and (ii) longitudinal to the gamma beam, with B ex = 164.4 mT. The magnetic field was produced by a sets of two neodymium-based permanent magnets (in the case of longitudinal field, both magnets had a central holes).
The Mössbauer spectra were fitted using open source PolMöss software, which is a package based on MS Excel with Solver optimizing module realizing gradient and evolutionary (genetic) algorithms on multicore processors within parallel calculations implementation. The fitting procedure offers a convolution of the Lorentzian baseline with Gaussian distributions of hyperfine parameters resulting in the final form as the Voigt profile. The PolMöss software and fitting method was efficiently applied in processing of the Mössbauer spectra of the environmental samples like highways and industrial dusts, fly ashes from power and heat plants as well as natural soils [12] [13] [14] .
Theoretical model
The superparamagnetic effects are caused by nanoparticle spin flipping, when the thermal energy is comparable to the total magnetic anisotropy energy barrier of the nanoparticle:
where K is a magnetocrystalline anisotropy energy constant, d -the diameter of nanoparticle, and
3 is a volume of spherical nanoparticle. Within Brown theory [11, 15, 16] , the relaxation time is given by the formula
where M s is saturation magnetization, γ 0 = e/m egyromagnetic ratio, k -the Boltzmann constant, Tabsolute temperature. Corresponding spin flip angular frequency is equal to
The chaotic changes of the electronic spins in nanoparticle generate dynamic oscillations of hyperfine magnetic field acting on the 57 Fe nuclear magnetic momenta, and they influence the magnetically split nuclear levels. The energy of splitting caused by static hyperfine magnetic field B 0 in the transition between ground and first excited state of 57 Fe nucleus corresponding to the external lines in the Zeeman sextet, can be expressed be the formula: E = ±B 0 ×1.2363×10 −27 J/T. This result considers values of magnetic nuclear moments for ground and excited states. The corresponding quantum frequencies (regular and angular one, respectively) are given by ν = E/h and ε = 2πν and can be interpreted as effective frequencies of the Larmor precession. The analytical model of relaxation based on super-Hamiltonian formalism (the Liouville super-operators, the Clauser-Blume model) [17] [18] [19] [20] predicts the following relaxational modification of Zeeman splitting quantum frequencies in fluctuating hyperfine magnetic field:
where 0 ≤ ω R (d) ≤ ε. Owing to simple, analytical form of the final result this method is implemented in commercial Mosgraf software (by Duraj and Ruebenbauer [20] )
for fitting of the relaxational Mössbauer spectra. The efficiency and simplicity of this approach is a consequence of the fact that super-operators formalism considers a wave functions combination both of ground and excited nuclear states as a base for the perturbation theory calculus. Unfortunately Mosgraf software, at present stage of development, offers fitting procedures only for the nanoparticles of the same size (or several discrete groups of different diameters). There is no options for continuous distribution of nanoparticle size, that is why at present work a PolMöss software (Szumiata et al. [12] [13] [14] ) has been utilized due to the hyperfine parameters distribution functionality (described in previous section). According to Eq. (2) one can easily predict a corresponding absolute value of the effective hyperfine magnetic field, modified by relaxational effects in small nanoparticles
In fact, such effective field should be defined separately for each pair of lines in the Zeeman sextet, however in further analysis we will consider only the energy and the field corresponding to outer lines. Such approach is justified in the case of highly spread spectra, which correspond to a continuous set of particles of different sizes.
Since PolMöss program does not contain the specialized module for relaxational effects, the distribution of particle sizes is reconstructed basing on the hyperfine field distributions according to procedure described in the next section.
Results and discussion
Room temperature Mössbauer spectrum of the annealed sample (Fig. 2a) can be satisfactory fitted by four smeared components, representing four Gaussian distributions of hyperfine field (Fig. 2b ). According to [21] [22] [23] the component G01 of the highest hyperfine field can be attributed to the tetrahedral A sites with Fe 3+ ions in magnetite inverse spinel structure, whereas G02 component represents Fe 2+/3+ ions in octahedral B sites. Such obvious assignment, analogical to the bulk case, is justified only for the fraction of the biggest nanoparticles, but even then it is not entirely accurate due to the distribution of particle sizes. The manifestation of this question is seen e.g. in the ratio of G02 to G01 component contribution. For the stoichiometric, bulk magnetite its value is expected to be equal to 2, for defected or partially oxidized magnetite -less than 2, but in our case this value is greater than 2 (see Table I ). Thus a component G02 contains also some contribution of more fine particles. The total contribution of these two high-field components at room temperature is about 54%. Next two components (G03 and G04) of the medium and the lowest hyperfine field represent the finest fractions of the magnetite nanoparticles but in this case it is rather impossible to distinguish A-site and B-site contribution, due to significant widening of the subspectra (the ratio of standard deviation of hyperfine field distribution to its mean value is high -see Table I ). The total contribution of G03 and G04 subspectra is around 46%, but the share of G04 component was the smallest (ca. 8%). The mean value of the HMF for G04 component is very small (less than 4 T). Thus considering the significant relative width of the field distribution, one can admit that this component comprises also nonmagnetic contribution, usually represented by doublet. The presence of G04 component can be interpreted as the strongest impact of the superparamagnetic, relaxational effect on the finest particles. The isomer shift IS (given relatively to the standard Fe foil) has been regarded as the same for each component and after fitting it takes value ( Table I ) close to that obtained as an average over isomer shifts for A and B components in bulk magnetite at room temperature. The fitted values of quadrupole splitting QS (common for all components) have appeared to be close to zero -as expected for bulk magnetite. Despite that, the nanoparticles were partially separated from oil with magnetic field, the magnetization direction seems to be entirely random, because the ratio x of the central lines contribution in the Zeeman sextet to the contribution of inner lines is very close to 2. Apparently, after removing magnetic field and due to annealing, the system of magnetite nanoparticles entirely loses macroscopic magnetic ordering. In the case of the oil samples frozen in liquid nitrogen the Mössbauer spectra (Fig. 3a) and corresponding hyperfine field distributions (Fig. 3b, Table II ) are significantly narrower (i.e. relative widths are considerably smaller). The contribution of low field G03 + G04 components dropped from 46% at room temperature to 29% at liquid nitrogen temperature. It is a clear confirmation that these components represent the finest particles the magnetism of which is the most strongly influenced by relaxational effects at higher temperatures. The values of mean hyperfine fields at liquid nitrogen temperature are noticeably higher than at room temperature. For the case of high-field G01 and G02 components this change is of order dozen percent, which coincides with the temperature changes of the bulk magnetite magnetization. On the other hand, mean values corresponding to G03 and G04 components increased several times at nitrogen temperature. This is a clear proof that this change can not be explained only in terms of the magnetization evolution with temperature, but mostly by the significant drop of the relaxation effects influence. The isomer shift (fixed as common for all components) has higher value at low temperature due to second order Doppler effect.
The two additional spectra for annealed sample have been collected at room temperature under magnetic field. In the first case (Fig. 4a, b) external magnetic field of induction B ex = 480.9 mT has been applied perpendicular to γ-ray beam (β = 90
• ). For bulk magnetite a slight diminishing of hyperfine magnetic field (HMF) would be expected, due to its opposite sense with respect to the macroscopic magnetization vector (parallel to the external magnetic field). However, for the investigated magnetite nanoparticles one observes small increase of HMF of G01 component and slightly higher of G02 component (Table III) -in both cases more than magnitude of external magnetic field. It can be interpreted as suppression of spin relaxation effects by applying of magnetic field. The most pronounced effect of this type is visible for G03 and G04 components, where HMF mean values and widths of HMF have increased several times. This is additional argument that these components correspond to the finest fraction of magnetite. Such interpretation is backed up by the remark that total contribution of G03 and G04 components diminishes in favour of the total contribution of G01 and G02 components. A natural consequence of applying the magnetic field perpendicular to the γ-ray beam is a significant increase of the intensity ratio x of central to the inner lines in the Zeeman sextets over the 2 value characteristic for random spin arrangement. In our case it is about 3.2, which corresponds to the mean angle θ ≈ 71
• between spins (and HMF) direction and beam line. 
TABLE III
The hyperfine parameters of room temperature Mössbauer spectrum for the annealed sample of the oil-nanomagnetite ferrofluid in the external magnetic field perpendicular to the γ-ray beam. The negative values of the standard deviation of the isomer shift result from the negative correlation of the isomer shift changes with corresponding changes of the hyperfine magnetic field. 
TABLE IV
The hyperfine parameters of room temperature Mössbauer spectrum for the annealed sample of the oil-nanomagnetite ferrofluid in the external magnetic field parallel to the γ-ray beam. The negative values of the standard deviation of the isomer shift result from the negative correlation of the isomer shift changes with corresponding changes of the hyperfine magnetic field. Analogical remarks and conclusions are valid in the case of the spectra and HMF distributions (Fig. 5a, b) obtained when applying magnetic field of induction B ex = 164.4 mT parallel to γ-ray beam (β = 0
• ). The obvious difference is a reorientation of the spin mean direction (θ ≈ 36
• ), determined basing on the x ratio value, which in this case is much lower than 2 (i.e. 0.85). Another remarkable feature is fact that despite lower value of the applied field the efficiency of nanoparticles spin ordering is even higher (Table IV) . In general, for both magnetic field configurations the gained outcomes undoubtedly convinced that low-field components in the Möss-bauer spectra really correspond to the finest fraction of magnetite nanoparticles -i.e. not to any other phase. However, the reduction of mean hyperfine magnetic field could be caused in part by structural and magnetic disorder at the surface of nanoparticles -not only by pure spin relaxational effects.
The final goal of this work was to estimate the mean values nanoparticles sizes (or even finding their distribution) basing on the Mössbauer spectra and spin relaxation model described in Sect. 3. According to the formulae (1) and (3), the mean diameters of nanoparticles d( B ) have been calculated, which correspond to mean hyperfine value B of each component of the Möss-bauer spectra. The results both for the annealed sample measured at room temperature and for the frozen sample in liquid nitrogen have been collected in Table V . For simplicity a value of magnetocrystalline anisotropy constant just for bulk magnetite at room temperature has been considered (K = 1.1 × 10 4 J/m 3 ) [24] for all calculations. The saturation magnetization of bulk magnetite at room temperature has been taken as M s = 30560 A/m (estimated from data available in [25] ) and rescaled for liquid nitrogen temperature basing on thermomagnetic curves for spontaneous magnetization magnetite. The room temperature B 0 values of non-perturbed HMF for A and B sites (G01 and G02 component, respectively) in bulk magnetite have been put into formula (3) from standard catalogue of hyperfine parameters of minerals [26] . For the nitrogen temperature case it has been renormalized according to thermomagnetic curves. For G03 and G04 more smeared components (each represents a mixture of subspectra of A and B sites for the finest nanoparticles fractions) it has been assumed that common (averaged) value of non-perturbed HMF is equal to B 0 = (B 0A + 2B 0B )/3, when considering that Fe ions are distributed in two sites identically like in stoichiometric, bulk magnetite.
The results of calculations presented in Table V demonstrate that averaged diameter of nanoparticles estimated for all fractions ranges from 16.3 nm to 15.3 nm, when considering room temperature spectra for the annealed samples. This result does not coincide well with TEM and magnetic outcomes (d = 10 nm). The possible reason of this discrepancy is size dependence of magnetocrystalline anisotropy constant K. There are some attempts of determining experimentally K values for different size of magnetite nanoparticles, however in [27] the values reported for two different diameters (just above and below 10 nm) where order of magnitude higher than the value for bulk. Such result seems to be not physical, because any known surface effects rather could not lead to such increase of the effective anisotropy energy. Moreover, when considering these two reported K values for magnetite nanoparticles and size dependence of K as proportional to the reciprocal of diameter, one obtain bulk K estimation value of sign opposite to real, experimental value. Finally, instead of model improvement, in this case one obtains from Eq. (1) and (3) the diameters values twice smaller than those known from TEM. Thus for further analysis we decided to leave K value corresponding to room temperature and bulk material. It is worth mention that the relatively narrow range of nanoparticle diameters contrasts with very wide spread of HMF distributions. However, it is a simple consequence of the fact that dependence of the relaxation time τ R on the nanoparticle diameter is extremely fast (Eq. (1) ).
The analysis of the Mössbauer spectra obtained at liquid nitrogen temperature allowed to obtain d( B ) values ranging from 10.1 nm to 9.4 nm (Table V) , which is in very good agreement with TEM outcomes. Presumably, the temperature and size dependences of the effective K constant mutually compensate, thus the bulk value for room temperature becomes the most suitable in this case. Anyway, if one intends to utilize spin relaxation effects seen in the Mössbauer spectra as a systematic tool for determining the nanoparticle size distributions in oil-based ferrofluids (instead of TEM, demanding complex samples preparation), it is obligatory to make a prior "calibration" of K value, basing on TEM outcomes for several "standard" samples at given temperature and for given size range.
In order to increase the precision of the determining the size distributions of nanoparticles (including mean values and widths) one should consider asymmetry of the d( B ) dependence originating from the specific form of Eqs. (1) Table V , the largest differences between corrected d avr diameters and initial d( B ) values are in the case of the coarse fraction of nanoparticles. In order to estimate the mean value over whole ensemble for nanoparticles one can utilize the following formula:
in which summation runs over all components (form G01 to G04), and p i denotes the contribution of given component (Table V) . Analogically, one can also define the width ("standard deviation") of the diameters distribution of all nanoparticles:
The values ofd and σ d have been calculated both from the room temperature and liquid nitrogen spectra and collected in Table V . The parameters of hyperfine field distributions and sizes distributions of nanoparticles determined from the analysis of superparamagnetic effects seen in the Mössbauer spectra for the annealed oil-nanomagnetite ferrofluid at room temperature (RT) and for the sample frozen in liquid nitrogen (LN). In many cases it is usually assumed that size dispersion of the nanoparticles is described by log-normal distribution
with two parameters d 0 and s related to the mean valuẽ d and standard deviation σ d by the following formulae:
In the case of small size dispersion (narrow distribution) the parameter d 0 approaches the mean value. The s parameter is a dimensionless quantity and approaches zero when the ratio of standard deviation to the mean value is small. Moreover, mean valued and s parameter are related via the formula d m =de −s 2 with d m diameter corresponding to the maximum value of probability density of log-normal distribution.
The log-normal distributions obtained by the described procedure are presented in Fig. 6a and b , for the case of RT and LN measurements, respectively. As it has been already mentioned, the good agreement of the estimated mean values of nanoparticles from individual fractions with that obtained from TEM has been observed in the case of samples frozen in liquid nitrogen, whereas for annealed samples and measured at room temperature we stated a significant discrepancy. This tendency is also confirmed when looking at mean valuesd estimated for whole nanoparticles ensemble (Table V) . The already suggested reason of this facts is probably not well known dependence of magnetocrystalline anisotropy energy constant of magnetite nanoparticles on size and temperature. Moreover, as seen in Fig. 1a and b as well as in Table V the estimated width (standard deviation) of size distribution is twice greater in the case of room temperature measurements. The possible explanation of this feature is a specifics of spin relaxation effects which cause not only the drop of the effective HMF but also widen HMF distribution, however considering of this question exceeds the frame of the analysis intended in present work. Another unresolved problem influencing the quality of presented method is a strict determination of the number of components in the Mössbauer spectra below the Verwey transition in magnetite (ca. 125 K -for bulk), as well as principle problems in determination of this transition temperature in fine nanoparticles [21, 22] . Fig. 6 . Log-normal distributions of nanoparticles sizes in oil-nanomagnetite ferrofluid determined from the analysis of superparamagnetic effects seen in the Möss-bauer spectra collected at (a) room temperature (after annealing), (b) liquid nitrogen temperature.
Conclusions
The performed Mössbauer spectroscopy investigations of oil-based ferrofluid with magnetite nanoparticles have demonstrated that partial magnetic separation (leading to the densification of particles) and measurement in magnetic field is not sufficient to slow down the Brownian motion of magnetite nanoparticles (of averaged size ca. 10 nm) dispersed in oil medium. In order to obtain the Mössbauer spectra the specimens must be frozen in liquid nitrogen during measurements or be appropriately annealed before measurements. Annealing at 180
• C appeared to be an effective and cheap way for making the oil viscous enough to stop the Brownian motion and to get the Mössbauer spectra at room temperature. The spin relaxation analytical model based on the Liouville super-operators has allowed to analyze the superparamagnetism of magnetite nanoparticles in terms of reduction of the effective hyperfine magnetic fields. The spin relaxation spectra were effectively fitted with PolMöss software using several Gaussian distributions of hyperfine fields. The simple procedure has been proposed, which enables to reproduce the distribution of nanoparticles sizes as well as to determine their mean diameter and standard deviation. Such procedure could be recommended as an alternative to the standard TEM, which demands special preparation and a lot of care in the case of oil-based ferrofluids. However, the better estimation quality of mean diameter of nanoparticles has been achieved in the case of the Mössbauer spectroscopy outcomes got at liquid nitrogen temperature when magnetic particles are not only totally fixed but also spin relaxation effects are significantly reduced. The probable reason for this difference between estimations at RT and LN could be a specific dependence of the effective magnetocrystalline energy constant both on size of the particles and on the temperature. Thus, it is reasonable to adjust ("calibrate") this parameter experimentally, by comparison with one testing result of mean particles size obtained with TEM. The additional Mössbauer measurements in the external magnetic fields confirmed, that low hyperfine magnetic field components in the spectra can be assigned to the finest fraction of the nanoparticles. The quantitative analysis of an influence of the external magnetic field on the spin relaxation processes, as well as influence of superparamagnetic effects on widening the Mössbauer spectra demand the extension of the theoretical model and can be the subjects of future investigations.
